Genetic transfer of growth-promoting molecules was proposed as a potential strategy to modify the nonpermissive nature of the adult CNS to induce axonal regeneration. To evaluate whether overexpression of neurotrophins or cellular adhesion molecules would effect axonal plasticity, adenoviruses encoding fibroblast growth factor-2 (FGF-2/Adts), nerve growth factor (NGF/Adts), neurotrophin-3, and the cell adhesion molecules N-cadherin and L1 were injected into the dorsal horn of the adult spinal cord. Transgene expression was primarily localized to astrocytes in the dorsal horn and motor neurons within the ventral horn. Overexpression of these factors, with the exception of NGF/Adts, failed to increase axonal sprouting. Eight days after NGF/Adts injections, axonal sprouting within the dorsal horn was apparent, and after 4 weeks, extensive spouting was observed throughout the entire dorsal horn, extending into the ventral horn and the white matter of the lateral funiculus. These axons were identified primarily as a subpopulation of nociceptive fibers expressing calcitonin gene-related peptide and substance-P. Behavioral analysis revealed thermal hyperalgesia and perturbation of accurate paw placement on gridwalking tasks for both FGF-2-and NGF-treated animals. These results indicate that the administration of growth-promoting molecules can induce robust axonal plasticity of normal adult primary sensory neurons into areas of transgene expression, causing significant alterations in behavioral responses. This observation also indicates that gene transfer protocols that aim to reconstruct diseased or injured pathways should also be designed to prevent the sprouting of the normal circuitry from adjacent unaffected neurons.
Genetic transfer of growth-promoting molecules was proposed as a potential strategy to modify the nonpermissive nature of the adult CNS to induce axonal regeneration. To evaluate whether overexpression of neurotrophins or cellular adhesion molecules would effect axonal plasticity, adenoviruses encoding fibroblast growth factor-2 (FGF-2/Adts), nerve growth factor (NGF/Adts), neurotrophin-3, and the cell adhesion molecules N-cadherin and L1 were injected into the dorsal horn of the adult spinal cord. Transgene expression was primarily localized to astrocytes in the dorsal horn and motor neurons within the ventral horn. Overexpression of these factors, with the exception of NGF/Adts, failed to increase axonal sprouting. Eight days after NGF/Adts injections, axonal sprouting within the dorsal horn was apparent, and after 4 weeks, extensive spouting was observed throughout the entire dorsal horn, extending into the ventral horn and the white matter of the lateral funiculus. These axons were identified primarily as a subpopulation of nociceptive fibers expressing calcitonin gene-related peptide and substance-P. Behavioral analysis revealed thermal hyperalgesia and perturbation of accurate paw placement on gridwalking tasks for both FGF-2-and NGF-treated animals. These results indicate that the administration of growth-promoting molecules can induce robust axonal plasticity of normal adult primary sensory neurons into areas of transgene expression, causing significant alterations in behavioral responses. This observation also indicates that gene transfer protocols that aim to reconstruct diseased or injured pathways should also be designed to prevent the sprouting of the normal circuitry from adjacent unaffected neurons.
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Failure of neurons to spontaneously regenerate after injury in the adult CNS is thought to be the result of the nonpermissive nature of the CNS environment (Aubert et al., 1995) , which is due to the lack of growth-promoting molecules (Varon and Conner, 1994) and the presence of inhibitory molecules (Schwab and Bartholdi, 1996; Fitch and Silver, 1999) . Providing a growth supportive environment by the administration of neurotrophic factors (NTFs) (Lindsay et al., 1994) or the blockade of growth inhibitory molecules (Guest et al., 1997) is partially successful at inducing axonal regeneration within the adult CNS. In addition, cellular adhesion molecules (CAMs) also play an important role in supporting axonal growth and regeneration, because they are involved in mediating neurite outgrowth, axon fasciculation, pathfinding, and changes in growth cone morphology (Hortsch, 1996; Walsh and Doherty, 1997; Honig et al., 1998) .
Early attempts to supply neurotrophins by systemic administration revealed deleterious side effects and illustrated the need for safer and more efficient delivery systems (Dijkhuizen and Verhaagen, 1999; Tuszynski, 1999) . Subsequent studies focused on the manipulation of the CNS environment primarily through gene transfer protocols (Holtmaat et al., 1998; Senut et al., 1998) . In the spinal cord, the use of primary fibroblasts engineered to secrete NTFs induced growth of both sensory and motor fibers (Tuszynski et al., 1994; Nakahara et al., 1996) . Similarly, L1-expressing fibroblasts grafted into a lesion cavity provided a growth substrate that enhanced axonal regeneration (Kobayashi et al., 1995) . However, tumor formation and immune-mediated graft rejection are main concerns for the application of ex vivo gene therapy-based strategies (Senut et al., 1998) . In vivo gene transfer methods represent a viable alternative for the continuous and long-term delivery of growth supportive molecules (Hermens and Verhaagen, 1998; Smith and Romero, 1999) . The use of recombinant replication-defective adenovirus to mediate the gene transfer of NT-3 or CNTF resulted in increased neuronal survival and enhanced axonal growth (Smith et al., 1996; Djikhuizen et al., 1997; Zhang et al., 1998) . In addition, adenovirusmediated gene transfer of neurotrophins increased motor neuron survival after facial nerve injury (Gravel et al., 1997; Baumgartner and Shine, 1998) , rescued dopaminergic neurons in a mouse model of Parkinson's disease (Choi-Lundberg et al., 1997) , and induced sprouting of motor terminals in the pmn (progressive motor neuropathy) mutant mouse (Haase et al., 1997) .
Despite the well known trophic and tropic properties of NTFs and CAMs, very little is known about the feasibility for long-term expression of these molecules in the adult spinal cord. The possibility of deleterious side effects induced by the ectopic ex-pression of growth-promoting molecules, such as aberrant collateral sprouting and/or altered sensorimotor behavior has not been investigated. This study shows that adenoviral-mediated gene transfer induces discrete in vivo expression of growth-promoting and growth-permissive molecules within the injected region of the dorsal horn of the adult rat spinal cord. Although most of the factors showed no effect, the expression of NGF resulted in massive axonal growth of sensory neurons throughout the dorsal horn and into the ventral horn, affecting nociceptive-and proprioceptive-mediated behaviors.
MATERIALS AND METHODS
Animals. Fifty-four adult (250 -350 gm) Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis, I N) were used in this study (FGF-2/Adts, 12 rats; NGF/Adts, 14 rats; N T-3/Adts, 12 rats; N-cadherin (N-C ad)/ Adts, 5 rats; L1/Adts, 5 rats, and LacZ /Adts, 6 rats). The animals were maintained under conditions of controlled light and temperature. Food and water were available ad libitum. Institutional Animal C are and Research Advisory Committee regulations were observed for surgical, behavioral, and care procedures.
Construction of adenoviral vectors. Replication-defective recombinant adenoviruses were constructed as described previously (Romero and Smith, 1998) . The coding regions of FGF-2 (gift from Dr. A. Baird, C iblex Corporation), N-cad (gift from Dr. M. Takeichi, Kyoto University), L1 (gift from Dr. W. B. Stallcup, Burnham Institute), NGF (Regeneron), and N T-3 (gift from Dr. T. Large, C ase Western Reserve University) were inserted into a modified pXC JL vector (gift from Dr. Frank Graham, McMaster University) containing the Rous sarcoma virus long terminal repeat and the bovine growth hormone polyadenylation. A flag peptide epitope was inserted at the C terminus of the FGF-2, N-C ad, NGF, and N T-3 cassettes to facilitate discrimination from endogenous molecules. Recombinant temperature-sensitive adenoviruses (Adts) were generated, plaque-purified, and isolated on a cesium chloride gradient as described by Romero and Smith (1998) . The viral particle to plaque-forming unit (pf u) ratios for these viruses ranged between 123:1 and 260:1.
Western blot and f unctional anal yses of CA Ms and NTFs. The expression of CAMs and neurotrophins was evaluated 72 hr after transfection of cultured astrocytes at several viral concentrations. Astrocyte monolayers treated with NCAM /Adts, N-C ad /Adts, or L1/Adts were solublized by the addition of 200 l of Laemmli's buffer to each of the wells of a 24-well plate. For astrocytes treated with either NGF/Adts or FGF-2/ Adts, identical amounts (500 l) of supernatant were precipitated in 10 vol of acetone at Ϫ20°C overnight. Proteins were pelleted by centrif ugation at 15,000 rpm, dried, and resuspended in 100 l Laemmli's buffer. To each well of either 7.5% (for CAMs) or 14% (for N TFs) SDSpolyacrylamide gel was added 40 l of sample. After running the gel, proteins were transferred to poly vinylidene difluoride membranes. Membranes were blocked using 5% nonfat dry milk in Tris-buffered saline with 0.05% T ween-20 (TBST). Proteins of interest were identified using mouse anti-human L1 (monoclonal 74-5H7; gift from Dr. V. Lemmon, C ase Western Reserve University) or mouse anti-FL AG (M2 antibody; Sigma, St. L ouis, MO) in blocking solution. After a 3 hr incubation in primary antibody, the membranes were washed five times, 10 min in TBST, and incubated in goat anti-mouse IgG (1:7500; Promega, Madison, W I) conjugated with alkaline phosphatase for 2 hr. Membranes were washed as above and developed using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium solutions (Boehringer Mannheim, Indianapolis, I N).
Adhesion assays were performed following the procedure of Brackenbury et al. (1977) . For these experiments, human embryonic kidney (H EK) 293 cells were treated with NCAM /Adts, N-C ad /Adts, L1/Adts, and green fluorescent protein (GFP)-encoding Adts (GFP/Adts; 1 pf u / cell) for 24 hr at 39°C (a nonpermissive temperature for replication of temperature-sensitive adenovirus). C ell monolayers were treated with mild trypsin (0.25% for 10 min), dissociated into a suspension of single cells, and pelleted by centrif ugation. C ells were resuspended in DM EM culture media containing 10 mg /ml BSA and 0.05 mg /ml DNase, counted, and diluted to 10 7 cells/ml. Glass scintillation vials containing cell suspensions were placed in a shaking incubator (Labline) with a rotational speed of 75 rpm and incubated for 0, 15, 30, and 45 min at 37°C. At the indicated times, the number of cells was determined using a Coulter Counter. C ell adhesion was verified using a light microscope and evident as an increase in the number of cell aggregates and a reduction in the number of single cells.
Functional expression of NGF was determined by examining the increased in neuronal survival from dorsal root ganglia (DRG). For these experiments, astrocytes were transduced using LacZ /Adts (10 pf u /l) or NGF/Adts (25 pf u /cell) overnight. The next day the medium was removed, and fresh N2 serum-free medium was added. After 2 d the conditioned medium was removed, diluted in serum-free medium, and added to DRG cultures. Quantitative analysis of DRG neuronal survival was performed using the MTT method described previously by Manthorpe et al. (1986) . To confirm the f unctional expression of FGF-2, cell proliferation was evaluated after transfection of serum-deprived 3T3 fibroblasts with FGF-2/Adts or LacZ /Adts. T welve hours after transfection, the medium was replaced with fresh serum-free medium containing 10 M bromodeoxyuridine (BrdU) and incubated at 37°C for 16 hr. Uptake of BrdU was then determined by ELISA as described by Wemme et al. (1992) .
Spinal surger y and adenovirus administration. Deeply anesthetized animals (intraperitoneal injection of a mixture of 67 mg / kg ketamine/6.7 mg / kg xylazine) underwent hemilaminectomies at the T13-L1 vertebral segments. Animals received 100 g (i.p.) of a 50:50 mixture of rat CD-4 (W3/25) and CD-45 (MRC OX-22) antisera for transient suppression of the immune system for extended transgene expression (Romero and Smith, 1998) . After exposure of the spinal cord, each animal received eight injections (0.4 l; 0.4 mm apart and 0.5 mm deep) of individual adenoviral vectors (7.5 ϫ 10 6 pfu/l) along the L4 -L5 dorsal root entry zone using a beveled glass micropipette and a Nanoject injector (Drummond Scientific, Broomall, PA). Dorsal musculature was then sutured, the skin incision was closed using wound clips, and prophylactic antibiotic treatment was applied to the wound. The animals were placed on a 37°C heat pad and monitored continually until recovery from the effects of the anesthetic. At the end of the study the animals were perf used transcardially with 4% paraformaldehyde in buffered saline. After perf usion, the lumbar spinal cord was removed and post-fixed before it was transferred to a 30% sucrose solution for cryoprotection. Tissue sections 10 and 30 m thick were cut on a cryostat and divided into five alternate sets. The tissue sections were used either immediately for histological analysis or stored in cryoprotectant solution at Ϫ20°C until processed. To enhance the immunocytochemical visualization of secretable transgenes, some of the animals were treated with 1% colchicine through a soaked-gelfoam pad placed over the injected area in the spinal cord, 36 -48 hr before perf usion.
ELISAs for NGF, FGF-2, and NT. Rats were injected with NGF, FGF-2, N T-3, or LacZ-expressing adenovirus as described above. Eight days after injection, rats were anesthetized, and a 6 mm segment of the ipsilateral spinal cord containing the L4 and L5 injected region was removed and immediately frozen. Noninjected spinal cords were used as controls. The tissues were f urther processed according to the manufacturers instructions (Promega or R&D Systems), with the additional step of pretreating each sample using protein-G agarose to absorb the rodent IgGs. Homogenates were incubated with protein-G agarose (Boehringer Mannheim) overnight at 4°C while shaking. The samples were then assayed for protein using BCA kit (Pierce, Rockford, IL) and used for immunoassay; 100 g /ml (100 ml / well) and 250 g /ml (100 ml / well) of each sample was used for the assay. After development 96-well plates were read at 450 nm using a BioTech E12a microplate reader.
Immunoc ytochemistr y. Tissue sections were rinsed in PBS, pH 7.5, incubated with 5% normal goat serum, and followed by a 24 hr incubation period with polyclonal antiserum against rat calcitonin gene-related peptide (CGRP) (1:20,000; Sigma), substance-P (1:20,000; RBI, Natick, M A), or monoclonal antisera for the L1 (1:2) or FL AG epitope (1:1000). Visualization was achieved by tissue incubation in fluorescent or biotinylated secondary antibodies. Biotin-labeled tissue was f urther processed using the Vectastain "Elite" ABC reagents (Vector Laboratories, Burlingame, CA) and developed using a solution of hydrogen peroxide (0.003%) and diaminobenzidine (0.02%).
Double immunofluorescence was used to determine the specific phenotype of adenovirally transduced cells. After rinsing, tissue sections were simultaneously incubated with the L1 antiserum and a monoclonal antibody for either the glial fibrillary acidic protein (GFAP) (1:500; Chemicon, Temecula, CA.) or the nonphosphorylated form of neurofilament H (MSI-32) (1:500; Sternberger Monoclonals, L utherville, MD). Visualization was achieved by simultaneous incubation in Texas Redlabeled goat anti-rabbit and fluorescein-labeled goat anti-mouse (1:250; Jackson Immunoresearch, West Grove, PA). Tissue sections of both control and experimental groups were simultaneously developed using identical incubating solutions. Sections were mounted on gelatinized slides and coverslipped with Permount or 5% n-propyl-gallate in glycerol for light and fluorescence microscopy examination, respectively. E xclusion of any of the primary antisera from the staining protocol rendered no specific staining.
Fluoride-resistant acidic phosphatase histochemistr y. Tissue sections were rinsed in PBS and then incubated in a solution containing 2 mM MgC l 2 , 5 mM K 3 Fe(C N)6, 5 mM K 4 Fe(C N)6, 0.01% deoxycholate, and 0.02% T ween 20, adjusted at pH 5. Visualization of the fluoride-resistant acidic phosphatase (FR AP) enzyme was achieved by adding 5-Br-4-C l-3-indol phosphate (1.5 mg /ml) as a substrate and allowed to react for 1 hr at room temperature. After extensive rinsing in distilled water, the sections were mounted on gelatinized slides and coverslipped with Permount.
Image anal ysis method. Animals treated with respective adenoviral vectors were assessed for an increase in total CGRP-immunoreactive area at either 8 d (n ϭ 5 rats per treatment) or 32 d (n ϭ 3 rats per treatment) after injection into the spinal cord. Four CGRP-stained sections (two at L4 and two at L5) of the dorsal horn at the site of the injection were digitized per animal (200ϫ magnification). The images were then analyzed using the N IH Image 1.62 software. Threshold and resized images (57%) were used to determine the total pixel area within two square zones (108 ϫ 216 pixels). These were located either in the midline of the dorsal horn spanning laminas I-III (zone AЈ as shown in Fig. 3B ), or below lamina III in the lateral dorsal horn (zone BЈ as shown in Fig. 3B) . The values were then compared using a one-way ANOVA and a Student's-Newman -Keuls post hoc test. Values below 0.05 were considered significant.
T hermal nociception. The latency of paw withdrawal to radiant heat was used as a measure of response to a noxious thermal stimulation as described previously (Hargreaves et al., 1988; Garry et al., 1994) . Rats were placed beneath an inverted clear plastic chamber on a glass floor. After a 5 min habituation period, the plantar surface of the paw was exposed to a beam of radiant heat applied through the glass floor. Paw withdrawal latency (PW L) was automatically detected by a photocell and was taken as a behavioral index of the nociceptive threshold. Therefore, a score that was significantly lower than baseline indicated hyperalgesia. Conversely, a score that was significantly higher than baseline represented analgesia (antinociception). A cutoff time of 20 sec was implemented to ensure that no tissue damage occurred to the paw. Individuals conducting these experiments were always blinded as to the treatment. PW L readings were always taken in duplicate at ϳ10 min intervals. All animals were examined before adenoviral injections to establish baseline latencies, after which testing was performed on a weekly basis.
Statistical anal ysis. The effects of treatment and time on the percentage of accurate paw placement and latency of paw withdrawal were evaluated by two-factor ANOVA with repeated measures (Super ANOVA program, Abacus Concepts, Berkeley, CA, and BMDP, statistical software, L os Angeles, CA.). Student's and Duncan post hoc analyses were used to determine significant differences within treatments. Data represent the mean Ϯ SEM. p values below the 5% probability level were considered significant.
RESULTS

Functional characterization of adenoviral-mediated expression of CAMs and NTFs
Adenoviral-mediated expression of cellular adhesion molecules and neurotrophins was first evaluated by treating primary astrocytes with increasing concentrations of the respective viral constructs. Protein expression was examined by both Western blot and functional analyses, because many of the cDNA constructs were modified to produce a fusion protein containing an eight amino acid FLAG sequence at the C terminus. In addition, FGF-2 was further modified at the N terminus to encode the IgG-signal sequence for secretion. Western blot analysis revealed a concentration-dependent increase in the expression of the respective transgenes 48 hr after viral administration (0 -400 pfu/ cell) ( Fig. 1 A-E) . Immunodetection of the transgenes revealed that the expression of L1 (ϳ200 kDa), N-Cad (ϳ135k Da), and NCAM (ϳ140 kDa) was confined to the astrocyte monolayer, whereas NGF (ϳ14 kDa) and FGF-2 (ϳ18 kDa) were identified as secreted products within the tissue culture supernatants.
To verify biological function of the transgene product, adhesion assays, proliferation assays, and neuronal survival assays were performed on the adenoviral-transfected cells. To examine the functional expression of CAMs, HEK293 cells were transfected with L1, N-Cad, NCAM, or GFP (negative control) adenoviruses. Twenty-four hours later, measurements of cell suspensions showed an increase in the number of aggregates of cells treated with L1/Adts, N-Cad/Adts, or NCAM/Adts, but not GFP/ Adts (Fig. 1 F) . To examine the function of FGF-2, 3T3 cells were infected with FGF-2/Adts and treated with BrdU 12 hr later. ELISA analysis showed a more than twofold increase in BrdU incorporation when normalized to 3T3 cells treated with LacZ/ Figure 1 . Western blot and functional analyses for adenovirus-encoding neural cell adhesion molecules ( A), N-cad ( B), and L1 ( C), fibroblast growth factor-2 ( D), or nerve growth factor ( E). Western blots of primary astrocytes demonstrate dose-dependent increases in transgene expression with increased virus titer. Western blots of FGF-2/Adts ( D) and NGF/Adts ( E) are of proteins that were secreted into conditioned medium, whereas the other Western blots ( A-C) are of proteins isolated from monolayers. F, Adhesion assays on cell suspensions pretreated with NCAM/ Adts, N-Cad/Adts, and L1/Adts show a reduction in the number of single cells and thus an increase in cell aggregates with increased time. Abscissa represents the ratio of single cells measured at the time indicated on the ordinate (Nt) divided by the number before incubation (No). Very little change in cell aggregation was observed by cells pretreated with control virus (GFP/Adts). G, The addition of FGF-2/Adts to ϳ25 pfu per cell caused a dose-dependent increase in the incorporation of BrdU into 3T3 fibroblasts as determined by ELISA. H, Conditioned medium from primary astrocytes pretreated with NGF/Adts increased the survival of DRG neurons approximately fivefold when compared with that conditioned medium from astrocytes pretreated with LacZ/Adts. The number of surviving DRG neurons depended on the concentration of the conditioned medium from NGF/Adts-treated astrocytes.
Adts (Fig. 1G) . We have previously characterized the biological function of several adenoviral-expressed neurotrophic factors, including NT-3 (Smith et al., 1996) . Using a similar procedure we determined that conditioned medium from astrocytes transduced with NGF/Adts increased DRG neuronal survival greater than fivefold when compared with conditioned medium from astrocytes transduced with LacZ/Adts (Fig. 1 H) . Together these data show that protein modification, such as the IgG signal sequence and FLAG epitope, did not inhibit protein expression or function.
Expression of CAMs and NTFs in the adult spinal cord
Our previous studies using LacZ/Adts showed that the microinjection procedure consistently results in transgene expression throughout the dorsal horn (Romero and Smith, 1998) . This procedure was repeated with all of the adenoviruses to further examine the distribution and relative expression levels of both CAM and NTF transgenes within the spinal cord. Eight days after adenovirus administration, robust transgene expression was observed, although a relatively low amount (3 ϫ 10 6 pfu/l) of virus was injected at each injection site. Consistent with previous results, this expression was concentrated within the dorsal horn on the injected side of the spinal cord (Fig. 2) . In coronal sections, NT-3 (Fig. 2 A) and L1 (Fig. 2 B) staining is apparent throughout the dorsal horn, with some transgene expression appearing within motor neurons (Fig. 2 B) . A similar staining pattern was observed after injection of LacZ/Adts, NGF/Adts, FGF-2/Adts, and NCad/Adts. The level of transgene expression was relatively constant throughout the injected area and, as described previously, peaked between 7 and 14 d after adenoviral injection (Romero and Smith, 1998) . Longitudinal sections of animals injected with N-Cad/Adts (Fig. 2C) show N-cadherin-positive cells within the dorsal columns with a morphology reminiscent of astrocytes. In these animals, the transduced cells showed apparent normal neuronal and glial morphology, and there was little evidence of cell death or tissue damage induced by the treatment. However, in some sections, minor tissue damage was observed in white matter tracts, most likely because of the higher vulnerability of oligodendrocytes to the cytotoxic effects of adenovirus (Byrnes et al., 1995) .
To quantify the in vivo expression levels for the neurotrophins, several commercially available ELISA kits for NT-3, NGF, and FGF-2 were examined. Of these kits, only the NGF kit showed low background activity and cross-reactivity to rat NGF. In the spinal cord of noninjected animals, NGF was measured at a To examine the cell types that expressed the transgene, sections from animals injected with L1/Adts were double-labeled with anti-human L1 (Fig. 2 D, F ) and either GFAP (Fig. 2 E) or anti-neurofilament (Fig. 2G) . Throughout the dorsal spinal cord, transgene expression was primarily localized to astrocytes within the white and gray matter. This transgene expression extended all the way to the dorsal root entry zone (Fig. 2 D, E) . In some animals, Schwann cells within the dorsal roots also expressed the transgene. Within the ventral horn, the motor neurons were the primary cell type expressing the transgene (Fig. 2 F, G) . Because adenoviruses injected into the dorsal horn do not appear to diffuse into the ventral horn, the virus may become accessible to motor neurons by endocytosis into dendrites that extend dorsally. Of all the neurons within the spinal cord, motor neurons have been shown to efficiently uptake and express recombinant adenoviruses (Gravel et al., 1997; Baumgartner and Shine, 1998) .
Extensive outgrowth of sensory primary afferents induced by NGF/Adts
The central afferents from small-caliber cutaneous sensory fibers (A-delta and C fibers) terminate primarily in lamina I and II of the dorsal horn, with some projections to lamina V and X. These afferents can be specifically visualized by their content of CGRP, which serves as a specific marker for these fibers within the spinal cord (Gibson et al., 1984; Chung et al., 1988) . To test whether the overexpression of CAMs and NTFs in the spinal cord alter the normal innervation pattern of these axons, animals that received injections of CAMs and NTFs containing adenoviruses were evaluated 8 d later for CGRP immunoreactivity. The dorsal horn from either sham-operated controls, LacZ/Adts-injected controls, or the contralateral side of all adenoviral-injected spinal cords displayed a CGRP-containing fiber pattern similar to that of normal nonoperated animals (Fig. 3A) . The induced expression of L1 (Fig. 3C) , N-Cad (Fig. 3E ), FGF-2 (Fig. 3B) , or NT-3 (Fig.  3F ) did not appear to affect the distribution of CGRPimmunoreactive axons. The spinal cords of animals treated with an NGF-encoding adenovirus, however, showed extensive innervation of CGRP-positive fibers throughout the dorsal spinal cord on the injected side (Fig. 3D) . Assessments of optical densities for CGRP-positive fibers within two separate regions extending throughout either lamina I and II or the lateral portion of lamina V and VI demonstrate that CGRP-positive fiber density greatly increased within both of these regions after treatment with NGF/ Adts, but not the other recombinant adenoviruses (Table 1 ). The growth of the CGRP-immunoreactive fibers into the transduced area (Fig. 3, compare A, D) clearly demonstrates that normal adult sensory axons can undergo extensive sprouting within a The digitalized images were contrast-inverted to provide better recognition of stained axons. The insets (AЈ, BЈ) in B illustrate the location and relative size of the areas used to obtained the data described in Table 1 . Scale bar: B-F same as A. Each treatment represents data taken from not less than three rats. Ϯ SD; *p Ͼ 0.05, **p Ͼ 0.01. a Optical density measurement indicating axon densities taken from individual regions in lamina I-III (illustrated as AЈ in Fig. 3B ) or lamina V and VI (illustrated as BЈ in Fig. 3B ).
relatively short period of time (Table 1) . This induced hyperinnervation was apparent both as increased CGRP immunoreactivity within proper targets (i.e., lamina I, II, and X) and as aberrant growth into areas normally not innervated by these fibers throughout lamina III-VI in the dorsal horn and laminae VII-IX in the ventral horn (Table 1) . Approximately 3 weeks after injection of the adenoviruses, transgene expression in the spinal cord begins to decline (Liu et al., 1997; Romero and Smith, 1998) . To assess whether the NGFinduced sprouting of sensory fibers would continue beyond this time period, animals injected with NGF/Adts were evaluated for CGRP innervation at 8, 16, and 32 d after treatment (Fig. 4) . In these animals, the amount of CGRP-immunopositive fibers displayed a continual increase in the density of axons within the dorsal and ventral horns. By 32 d after injection, the density of CGRP-positive axons throughout the entire dorsal spinal cord was quite impressive (Fig. 4C,F, Table 1 ). In many of these animals a discrete boundary of axonal growth was apparent and correlated with the zone of transgene expression (compare Fig.  2 A, B with 4C, 5A ). Axons were observed extending not only within the dorsal and ventral horns but around the spinal canal and within the white matter of the lateral funiculus (Fig. 4 B, C) . In addition to NGF/Adts inducing robust sprouting, it was also extremely consistent: all but one (8 d after injection) of the injected animals showed extensive sprouting. In all of these animals, axonal sprouting was apparent throughout the injected region, which extended 8 -10 mm within L4 and L5.
Characterization of the sensory fibers sprouting after injection of NGF/Adts
The neuronal population within the DRG is highly heterogeneous. Those neurons are either CGRP/trkA or IB4 nociceptors that send the majority of small caliber cutaneous sensory afferents to the dorsal horn (Snider and McMahon, 1998) . The high-affinity NGF tyrosine kinase receptor trkA mediates stereotypical NGF responses such as neurite outgrowth (Loeb and Greene, 1993) and growth cone turning (Gallo et al., 1997) , whereas the lowaffinity neurotrophin receptor p75 is thought to function as a positive modulator of trkA activity (Lachance et al., 1997) . In the adult DRG, virtually all of the trkA-containing neurons express CGRP, with many coexpressing substance-P (SP) neuropeptide (Averill et al., 1995; Molliver et al., 1995) . Within the dorsal horn, these fibers innervate lamina I and outer lamina II (IIo), whereas the majority of IB4 axons express the enzymes FRAP and thiamine monophosphatase (TMP) and terminate in inner lamina II (IIi) (Snider and McMahon, 1998) . To define the subtype of sensory afferent axons from the spinal cord of animals that showed CGRP hyperinnervation via NGF overexpression (Fig.  5 A, B) , sections were processed for the localization of SPcontaining (Fig. 5C,D) and FRAP-containing (Fig. 5 E, F ) fibers. In these animals, the visualization of SP-labeled fibers closely resembled the same growth pattern throughout the gray and white matter as that observed with CGRP (Fig. 5 , compare A and B with C and D), although the overall fiber density was considerably reduced. In sharp contrast, terminals of FRAP-containing afferents were restricted to the appropriate lamina and were not affected at all by NGF overexpression in the dorsal spinal cord (Fig. 5 E, F ) .
Overexpression of NGF in the dorsal spinal cord results in hyperalgesia, guarding behavior, and impaired locomotion on a grid runway
Sensory information from the hindlimbs enters the spinal cord primarily at lumbar segments 4 and 5, precisely the site of viral administration in this study. To determine whether overexpression of these NTFs within the dorsal spinal cord would affect the processing of sensory information, behavioral analyses were performed. Animals treated with the NTF-expressing adenoviruses (FGF-2/Adts, NGF/Adts, and NT-3/Adts) were functionally evaluated for cutaneous nociception to thermal stimulation and foot placement (grid walking). The extensive hyperinnervation of the CGRP-and SP-positive fibers after NGF/Adts injections suggests the possibility that these animals may display hyperalgesia. Measurements for the latency of paw withdrawal from noxious thermal stimulation showed that NGF/Adts-and FGF-2/Adts-injected animals, but not NT-3-Adts-injected animals, were hypersensitive to thermal stimulation (Fig. 6 A) . This hypersensitivity cannot be attributed to any inflammatory response or the adenovirus itself, because our previous studies showed that identical injections of LacZ/Adts into the spinal cord cause no alteration in the nociceptive responses (Romero and Smith, 1998) . NGF/Adts-injected rats showed the appearance of hyperalgesia within the first 8 d after injection, whereas the onset does not appear until the second week for FGF-2/Adts-injected animals. In all of these animals, no hyperalgesia was observed in the hindlimb contralateral to the injection sites, and the paw withdrawal latencies for all of the contralateral hindlimbs and the hindlimb ipsilateral to the NT-3/Adts injection were identical to preinjected baseline measurements.
Early in these experiments we observed that rats injected with NGF/Adts would often hold the ipsilateral hindpaw up tight against their body when at rest (Fig. 6C ). This is a typical guarding behavior that is often observed in various pain models (Bennett, 1994) . This behavior was observed exclusively in animals injected with NGF/Adts. To determine whether locomotive responses were also affected, animals were examined for proper foot placement while walking along a grid runway (KunkelBagden et al., 1993) . Analysis of videotapes, in slow motion, showed that the ipsilateral hindlimb in animals injected with NGF/Adts was rarely placed directly onto the rungs of the grid runway, whereas the contralateral hindlimb was unaffected (Fig.  6 B) . In most instances the rat would either guard the hindlimb or hyperextend the leg caudally as it walked. Animals that hyperextended their leg while walking on the grid runway showed no hindlimb paralysis while walking on a normal surface. These animals also showed hyperalgesic responses to thermal stimulation of the hindpaw ipsilateral to the injection (Fig. 6 A) . A less dramatic but statistically significant decrease in paw placement was also observed after injections of FGF-2/Adts (Fig. 6 B) . This response correlated with hyperalgesia that was observed after injection with FGF-2/Adts. It is interesting to note that no hyperinnervation of CGRP-positive fibers was histologically apparent in these animals. In summary, these data show that long-term expression of neurotrophins in the spinal cord can cause hyperinnervation of CGRP-positive sensory axons that results in aberrant sensory responses.
DISCUSSION
The well known trophic/tropic properties of NTFs and CAMs prompt interest for their potential use as a gene therapy-based treatment for the injured or diseased CNS (Breakfield et al., 1999) . This study demonstrates relatively long-term and robust expression of the neurotrophins FGF-2, NGF, and NT-3 and the cellular adhesion molecules L1 and N-Cad in the normal adult spinal cord after adenoviral injection. Intraparenchymal administration of adenoviruses into the dorsal spinal cord resulted in transgene expression primarily by astrocytes in the dorsal and motor neurons in the ventral spinal cord. This apparent regional variation might be caused by differences in vector spreading and cell-type susceptibility to adenovirus binding and endocytosis . The uptake of adenoviruses into motor neurons in the ventral horn might also be mediated through their extensive dendritic arbors, which extend into the area surrounding the injection site.
Collateral sprouting of primary sensory afferents induced by NGF gene transfer
Conditional expression of NGF in the dorsal spinal cord resulted in extensive axonal growth of primary CGRP-containing fibers into the injected area in almost 100% of the NGF/Adts animals. The ability of these fibers to sprout in response to peripheral NGF administration is a well established phenomena (Diamond et al., 1992; Davies et al., 1997a) . In the adult spinal cord, however, the effect of exogenous NGF appears to depend on the administration route. Intrathecal or subcutaneous administration of NGF upregulates the expression of neuropeptides and BDNF within dorsal ganglion neurons (Verge et al., 1995; Michael et al., 1997a) . This administration route also induces central release of neuropeptides (Malcangio et al., 1997a ) but failed to promote collateral sprouting in the spinal cord (Verge et al., 1995) . Conversely, transgenic mice engineered to overexpress NGF in keranocytes (Mendelson et al., 1996) , oligodendrocytes (Ma et al., 1995) , or astrocytes resulted in collateral growth of axons toward sites of NGF expression, including both normal and aberrant targets. In the present study, we provide conclusive evidence that overexpression of NGF within the adult spinal cord results in extensive spouting of primary nociceptive fibers at a magnitude and density of axonal growth dramatically higher than that reported previously.
The observed amount of fiber growth may reflect a higher and/or more prolonged level of NGF expression achieved in the spinal cord by our in vivo gene transfer method. In this study, adenoviral-mediated expression of NGF over the entire 8 mm ipsilateral side of the spinal cord is estimated to be ϳ5 ng/mg of spinal cord. These results are in accordance with previous in vitro ELISA analyses of similar constructs (Smith et al., 1996) . These levels are also significantly higher than those of endogenous NGF (Korsching and Thoenen, 1985; Bennet et al., 1999) and those achieved in NGF-expressing transgenic mice (Kawaja and Crutcher, 1997) . In addition, the use of adenoviruses to directly transfect glia might further increase the sprouting potential of NGF by enhancing the growth-supportive nature of the endogenous cellular environment. These observations highlight the importance of restricting the expression of NGF in the spinal cord, both spatially and temporally, to prevent the occurrence of aberrant collateral sprouting.
In many of the animals that were injected with NGF/Adts, we observed CGRP-and SP-positive axons growing into myelinated regions of the lateral funiculus, which should be inhibitory to axonal growth (Schnell and Schwab, 1990) . The NGF-induced growth of nociceptive fibers into these myelinated areas has previously been reported and attributed to the ability of neurotrophins to desensitize growing axons to myelin inhibition (Ma et al., 1995) . However, because those observations were made in transgenic mice engineered to express NGF by oligodendrocytes, the possibility of fiber growth occurring at immature stages or the disruption of this inhibition by the genetically altered oligodendrocytes complicates their interpretation. In this study, the fact that fully mature neurons extend collateral fibers into myelinated areas modified to express NGF provides strong evidence that adult neurons can be induced to grow into myelinated regions. Although the detailed mechanism for this effect remains to be elucidated, recent in vitro evidence suggests that pretreatment of neurons with NGF can override myelin-induced inhibition, most likely by elevating cAMP levels and activating protein kinase A-dependent events within those neurons (Cai et al., 1999) . The possibility that adenovirus induced demyelination, and consequently, the reduced inhibitory properties of myelin, is an unlikely explanation, because axonal growth into white matter was not generally observed after treatment with other adenoviruses (LacZ/Adts, L1/adts, N-Cad/Adts, NT-3/Adts) but was specific for NGF/Adts. In addition, recent evidence by Davies et al., (1997b Davies et al., ( , 1999 strongly suggests that axons can readily grow through intact myelinated regions but stop when they contact chondroitin sulfate proteoglycan at a lesion site. Under such a condition, the neurotrophin might act to stimulate the intrinsic grow state of the axons to grow past the entry zone and continue growing through the dorsal cord without much hindrance.
Characterization of the NGF-induced axonal growth
In the dorsal spinal cord, CGRP is regarded as a reliable marker for primary afferents (Traub et al., 1989) , labeling ϳ40 -45% of the projections from DRG neurons. Many of the CGRP-positive DRG neurons, in addition to trkA, also coexpress p75 (Wright and Snider, 1995; Michael et al., 1997b) and substance-P (Plenderleith et al., 1990) . Therefore, it is not surprising that in our study CGRP-and SP-positive fibers would undergo collateral axonal growth in response to NGF. Conversely, the IB4 class of nociceptors selectively expresses the FRAP and TMP enzymes, are GDNF-sensitive, and express Ret receptors (Molliver et al., 1997) . The observed normal distribution of FRAP-containing fibers (lamina IIi) after injections of NGF/Adts concurs with the fact that these neurons do not express the trkA or p75 receptors. The neurons therefore remain unchanged, whereas CGRP/trkApositive nociceptive axons sprout extensively within the same area.
Hyperalgesia
Nociceptive fibers innervating the rat hindpaw skin originate from DRG neurons in the lumbar segments 4 and 5 (Swett and Woolf, 1985; Rivero-Melian and Grant, 1990) . In adult rats, subcutaneous administration of NGF induces thermal hyperalgesia within minutes that appears to be mediated by both peripheral and central mechanisms (Lewin et al., 1993; Woolf,1996; Malcangio et al., 1997b) . The effect of NGF administration in the spinal cord is less well defined. In a recent study, transgenic mice in which NGF expression was driven by the GFAP promoter showed thermal hyperalgesia when compared with wild-type littermates (Ramer et al., 1998) . In this transgenic line, however, axonal growth of CGRP-positive fibers occurred primarily within the cerebellum , and the resultant hyperalgesia was thought to be the result of sympathetic sprouting of adrenergic fibers into the DRG (Ramer et al., 1998) . In the present study, the production of NGF by cells within the dorsal horn led to hyperinnervation by nociceptive fibers and induced hyperalgesia. We also observed that NGF/Adts-treated animals displayed a distinctive guarding behavior of the ipsilateral hindlimb. This behavior was discernible both while the animal was at rest and while walking on a grid runway but not during ambulation on a solid surface. Guarding behavior is observed in several animal models of pain and is a common clinical finding in patients suffering from chronic pain (Bennett, 1994) .
Interestingly, the injection of FGF-2/Adts resulted in thermal hyperalgesia and a slight reduction in proper foot placement while walking on a grid runway but no apparent guarding behavior. Examination of CGRP-and SP-positive fibers, however, showed no hyperinnervation or perceptible alteration of normal innervation pattern, even 32 d after injection. The effect of FGF-2 on hyperalgesia was not as severe as that of NGF. This may have been caused more by a local augmentation of the endogenous neuronal circuits, such as inducing vesicle clustering at the synapse (Dai and Peng, 1995) or reducing GABA-evoked currents (Tanaka et al., 1996) that act to suppress the perception of pain. FGF-2 may also indirectly induce axon sprouting by stimulating the expression of NGF by astrocytes (Yoshida and Gage, 1992) . Our ELISA data of FGF-2/Adts-injected spinal cords show a moderate (190%) but statistically significant increase in the expression of NGF. These lower levels may contribute to a slow but progressive axonal sprouting. Previous studies showed that FGF-2-expressing fibroblasts induce sprouting of CGRP-positive fibers similar to NGF; however, the FGF-2-induced sprouting occurs much more slowly, often taking several months to become apparent (Nakahara et al., 1996) . Under these conditions, behavioral responses such as hyperalgesia may be observed before the appearance of sprouting fibers in atypical locations.
This study represents the first observation that NGF or FGF-2 overexpression in the spinal cord induces hyperalgesia. Animals injected with NGF/Adts also displayed a guarding behavior that directly correlates to central collateral sprouting of nociceptive primary afferents. The mechanisms underlying hyperalgesia in these animals are still unclear, but several possibilities, alone or in combination, can be envisioned as possible explanations: (1) a net increase in functional nociceptive terminals within the normal target region (lamina II) that increase the excitatory tone of the primary afferent pathway; (2) functional innervation of nociceptive fibers into aberrant targets that induce pain perception by activating otherwise unrelated pathways; (3) if the sprouting axons fail to form functional synaptic connection, then hyperalgesia could be attributable to an increase in neurotransmitter synthesis and release by fibers within the normal target region (Verge et al., 1995; Malgangio et al., 1997) . The negative side effect of chronic pain further illustrates that gene therapy vectors need to be designed with more stringent control of growth factor or neurotrophin expression. Tighter control, such as the use of inducible promoters, might allow for the restoration of damaged circuits after injury or disease while sparing the normal circuitry of adjacent undamaged neurons.
